Abstract: As a family of signaling plant hormone, jasmonic acid plays an important role in coordinating plant defense responses to pests and pathogen attack through transcriptional and metabolic changes. In the jasmonate biosynthetic pathway of plants, allene oxide cyclase (AOC) is an essential enzyme. Here we cloned a cDNA from tea plant (Camellia sinensis), named as CsAOC (GenBank: HQ889679), which was 916 bp, containing an open reading frame (738 bp) encoding 245 amino acids. Comparative and bioinformatic analyses revealed that the deduced protein of CsAOC was highly homologous to AOC from other plant species. Phylogenetic analysis indicated that CsAOC was clustered in a closely related subgroup with AOC of Ipomoea nil. The full-length coding region of CsAOC was ligated with pET-32a and successfully expressed in E. coli BL21 (DE3), and purified. Real-time quantitative PCR analysis revealed that methyl jasmonate (MeJA) treatment on its own potently enhanced its expression over the control (healthy leaves), suggesting feedback activation of CsAOC. The expression under salicylic acid (SA) and wounding treatments was up-regulated. The mRNA expression of CsAOC could be induced by tea geometrids and tea green leafhoppers.
Introduction
During plant development or in adaptation to biotic and abiotic stresses, various signals can be generated from lipids. Jasmonic acid (JA) and its precursor 12-oxophytodienoic acid (OPDA) are such signals (Maucher et al. 2004) . JA plays an important role in coordinating plant defense responses to insects and pathogen attack through transcriptional and metabolic changes (GarciaBrugger et al. 2006) . In this respect, jasmonates may activate genes that participate in plant defense in response to pest bites or pathogen attack (Howe 2004) . Endogenous rise of this group of compounds could be detected following environmental stresses or in distinct developmental stages (Wasternack and Hause 2002) . These observations triggered the need of the elucidation of the mechanisms of jasmonates.
Studies have shown that allene oxide cyclase (AOC) is of special importance, since this enzyme establishes the naturally occurring enantiomeric form of JA in the JA biosynthetic pathway (Kong et al. 2009 ). Constitutive overexpression of the AOC did not lead to altered levels of jasmonates in leaves, but these levels increased upon wounding or other stresses suggesting regulation of jasmonate biosynthesis by substrate availability (Stenzel et al. 2003a) . It has been reported that AOC plays an important role in the salt stress and low-temperature tolerance of E. coli in Jatropha curcas and Hyoscyamus niger .
The tea plant, Camellia sinensis (L.) O. Kuntze, is not only one of the world's most important woody plantation crops but also valued as a source of secondary metabolic products including phyto-oxylipins (Liu and Han 2010) . Tender tea buds and leaves contain ample nutritional ingredients, and act as the raw material for processing commercial teas (Mu et al. 2012 ) which has made it one of the three most popular non-alcoholic drinks worldwide. During growth, tea shoots and leaves may be damaged by pests such as tea geometrids and tea green leafhoppers. After tea plants are attacked by pests, the concentration of JAs has been shown to increase rapidly. JAs can activate the expression of relevant defense genes by the activation and regulation of downstream JA signal pathways. Consequently, potential insect damage is resisted. However, there are no reports on the cloning of AOC gene from tea plants. Owing to its importance in the JA biosynthetic pathway, AOC was preferentially chosen for study in this research.
On the basis of sequence homology, a full-length cDNA and genomic DNA of CsAOC were isolated and characterized from tea plant for the first time in this study. The phylogenetic relationship and the expression profile of CsAOC were also investigated. The findings of this study provide further insight into the role of AOC in the synthesis of JAs in tea plant at the molecular level.
Materials and Methods

Plant materials and study design
A total of 468 tea seeds (Camellia sinensis cv. Longjing43) were grown in a greenhouse under controlled conditions: 50-70% relative humidity, 20-30°C, and 12 h of light (200 µmol m -2 s -1 ) alternating with 12 h of darkness.
After one year, the seedlings were used for further experiment when they have at least six leaves. Tea seedlings were divided into five groups for the different experiments with 18 plants in each time point of a treatment (6 plants × 3 duplicates). Two groups of tea seedlings were sprayed by 200 µM MeJA and 2.5 mM SA containing 0.01% Tween-20, respectively. Tea leaves sprayed with only 0.01% Tween-20 were used as control (0 h). After 3, 6, 12, 24, and 48 h, the third treated tea leaves from the top were harvested and stored at −80°C until required.
For wounding treatment, leaves were pricked with sterilized insect needles. The last two groups of tea seedlings were treated with tea geometrids (Ectropis oblique hypulina Wehrli) and tea green leafhopper (Empoasca vitis), respectively. The third leaves from the top were harvested at 1.5, 3, 6, 12, 24 , and 48 h after treatment. Healthy tea leaves free of any infestation were harvested as a control (0 h). All of the harvested leaves were frozen in liquid nitrogen quickly and stored at −80°C.
RNA extraction and cDNA synthesis
A total of 0.1 g tea leaves of each treatment were used for total RNA isolation using TRIzol™ reagent according the manufacture's instruction (TIANGEN, China). Quality and concentration were checked by agarose gel electrophoresis and spectrophotometer analysis, and the total RNA was stored in −80°C until use. After isolation, the total RNA was used for cDNA synthesis by PrimeScriptTM RT reagent (Takara, Japan).
Cloning of CsAOC full-length gene
Degenerate primers (AOC1 and AOC2, Table 1 ) were designed according to the conserved regions of other plant AOC genes deposited in GenBank. The internal conserved fragment of CsAOC gene was cloned by RT-PCR based on the following system: 2 μL cDNA, 2.5 μL 10Â PCR buffer (Mg 2+ ), 1.5 μL dNTP (2.5 mmol L 1 ), 1 μL AOC1, 1 μL AOC2, 0.5 μL Taq DNA polymerase, and 16.5 μL ddH 2 O. The PCR was performed using the following procedures: 94°C for 3 min followed by 39 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min, and the PCR was terminated after extending another 10 min at 72°C.
For 3′-and 5′-RACE, the specific primers (AOC3-1, AOC3-2 and AOC5-1, AOC5-2) were designed according to the conserved fragment. The cDNA synthesis was performed with the SMART™ RACE cDNA Amplification Kit (Clontech, USA) for 3′-and 5′-RACE. For 3′-RACE, the nested PCR was performed using the specific primers and AP and AUAP according to the system and procedures as mentioned above. 5′-RACE, including reverse transcription, dC tailing, and PCR amplification, was carried out according to the manufacturer's instructions (Clontech, USA). AOC5-1 and AOC5-2, UPM and NUP were used for 5′-RACE and to confirm that all the segments were derived from the same cDNA transcripts, two primers (AOCfull1 and AOCfull2) were designed to amplify the full-length cDNA. All PCR products of interest were purified and cloned into the pTA2 vector (TOYOBO, Japan), and the sequences were verified by DNA sequencing. All the primers used in RACE were as listed in Table 1 .
Cloning of the genomic sequence
Total genomic DNA was extracted from tea leaves by cetyltrimethylammonium bromide (CTAB) method and used as template in PCR amplification with primers AOCfull1 and AOCfull2 to investigate the presence of intron(s). The PCR reaction was carried out under the following condition: 3 min at 94°C, 35 cycles (50 s at 94°C, 1 min at 52°C, 2 min at 72°C), and 10 min at 72°C. The PCR product was purified and cloned into the pTA2 vector, and the sequence was verified by DNA sequencing.
Bioinformatics analysis
Sequence homology and deduced amino acid sequence comparisons were done using the sequence analysis software DNAMAN. The deduced amino acid sequence of CsAOC was aligned with AOC from other known species using MegAlign (DNASTAR, USA). Bioinformatics analysis of CsAOC was carried out at http://www.ncbi.nlm.nih.gov and http://www.expasy.org, while chloroplast transit peptide analysis was carried out at http://www.cbs.dtu.dk/ services/ChloroP. Secondary structure prediction was carried out by hierarchical neural network analysis while the phylogenetic tree was constructed by MEGA4 using the neighbor-joining method with the bootstrap values calculated from 1000 replicates.
Recombinant protein expression in E. coli
After sequence analysis of pTA-CsAOC, PCR was carried out with using primers containing a restriction enzyme site, SPF with EcoR I site and SPR with Not I site. The pET32a vector (Novagen, USA) and the plasmid pTA-CsAOC, were digested with the restriction enzymes EcoR I and Not I and ligated to obtain the expression plasmid pETCsAOC. After sequence analysis of pET-CsAOC, this plasmid was transformed into E. coli BL21 (DE3). A single colony of E. coli BL21 (DE3) cells was grown overnight in 20 mL of LB liquid medium containing ampicillin (100 µg mL -1 ) at 37°C. One half of the culture was inoculated into 1 L of LB liquid medium containing ampicillin (100 µg mL -1 ) at 37°C where growth of the culture was induced by addition of 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at OD 600 0.5-0.8. To obtain the optimum induction time, the remaining half were collected at 30°C for 1, 2, 3, 4, 5, and 6 h after the beginning of the induction by centrifugation, and finally analyzed by sodium dodecylsulfatepolyacrylamide gel electrophoresis (SDS-PAGE). Other bacterial cells were harvested by centrifugation and re-suspended in lysis buffer (50 mmol L -1 pH 8.0 Tris/ HCl, 50 mmol L -1 NaCl, 0.5% TritonX-100, 2 mg mL -1 lysozyme). These cells were entirely lysed by sonication and centrifuged again. To acquire the expressed product form from pET-CsAOC in E. coli BL21, the supernatant and pellet were analyzed by SDS-PAGE.
Real-time quantitative PCR (RT-QPCR) analysis
In order to investigate the expression profiles of CsAOC under different treatments, RT-QPCR was carried out. The cDNA from different treated tea seedlings were used as template. GAPDH was used as an internal standard. RT-QPCR was performed in a total volume of 25 µL, 0.2 µM of each primer and 12.5 µL of 2× SYBR Premix Ex Taq™ (TaKaRa) on an iCycler iQ™ Real Time PCR machine (Bio-Rad). The PCR program consisted of a preliminary step of 1 min at 95°C followed by 45 cycles at 95°C for 15 s and at 58°C for 25 s. No-template controls for each primer pair were included in each run. The primers used were AOCRTF and AOCRTR for CsAOC. Primers GAPDH-F and GAPDH-R were used amplify GAPDH (Table  1 ). All samples were tested in three independent experiments with three replicates per experiment. The CT value of each reaction was recorded. The relative expressions were calculated by 2 -▵▵ CT method (Livak and Schmittgen 2001) . The significant differences of the expression levels were analyzed using one-way ANOVAs in the SPSS version 18.0 software. P < 0.05 was considered statistically significant. 
Results
Characterization of the full-length cDNA and genomic DNA sequences of CsAOC
The full length of the AOC gene from tea plant was 916 bp long and contained an open reading frame (ORF) of 738 bp encoding a presumed translation product of 245 amino acids. The gene was named as CsAOC (GenBank accession No. HQ889679). In addition, this gene had a 76 bp long 5′-untranslated region (UTR) and a 102 bp long 3′-UTR including the poly (A).
The genomic sequence was 1400 bp long, which was 484 bp longer than the full-length cDNA sequence. The comparison of the full-length cDNA and the genomic DNA of CsAOC revealed that the genomic DNA contained two introns, one of 115 bp and the other of 369 bp (Fig. 1) . This finding agrees with the reports that most of AOC genes from plant species include two introns and three exons, such as Jatropha curcas ) and Camptotheca acuminate ).
Characterization of the deduced CsAOC protein
The deduced CsAOC protein had a calculated molecular mass of 26.5 kDa and the isoelectric point (pI) of 9.0. Based on the BLASTP network service, the predicted amino acid sequence of CsAOC showed a high degree of identity to AOCs from species of broad plant classes ( Supplementary Fig. S1 , see Supplementary Material section below), such as Nicotiana tabacum (74%; GenBank: AJ308487), Camptotheca acuminate (75%; GenBank: AY863428), Jatropha curcas (67%; GenBank: FJ874630), and Ipomoea nil (73%; GenBank: DQ314585).
ChloroP 1.1 analysis showed that CsAOC protein contained an N-terminal cTP (Emanuelsson et al. 1999 ) with the most likely cleavage site being between 94th and 95th amino acids, suggesting that CsAOC may be localized in chloroplasts. After removing the chloroplast signal peptides, the finally secreted CsAOC may be comprised of 151 amino acids. Accordingly, the mature CsAOC was predicted to be translocated into the chloroplast.
Hierarchical neural network analysis showed that the CsAOC protein was composed of 21.22% α-helix, 25.31% extended strand, 6.12% β-turn, and 47.35% random coil ( Supplementary Fig. S2 , see Supplementary Material section below). The random coils were the most abundant structural elements of CsAOC, whereas extended strand and α-helix were intermittently distributed in the protein.
The phylogenetic analysis
The phylogenetic tree (Fig. 2) showed that CsAOC protein clustered together with AOCs from Ipomoea nil, Jatropha curcas, and Humulus lupulus. CsAOC and InAOC showed much closer relationship than with JcAOC and HlAOC. Four AOC proteins in A. thaliana were grouped in a cluster similar to a previous report (Stenzel et al. 2003b ). This cluster was clearly separated from the clusters composed of AOCs from other plant species.
Expression of the recombinant protein in E. coli
The recombinant proteins were analyzed by SDS-PAGE. Because of the 109 aa Trx·Tag™ thioredoxin protein and His-tag fusion, the recombinant protein pET-CsAOC judged by SDS-PAGE was observed in E. coli BL21 (DE3), which showed the induced protein band higher than predicted molecular weight. Without induction, the pET-CsAOC and empty vector did not show bands at the corresponding point (Fig. 3A) . As induction time prolonged, the expression level of the recombinant protein increased (Fig. 3A) . The results of solubility analysis indicated that the recombinant pET-CsAOC protein existed in the form of an inclusion body (Fig. 3B) . The result showed that the CsAOC gene could highly express in E. coli cells.
The expression of CsAOC during different treatments
As shown in Fig. 4 , the expression of CsAOC increased gradually after MeJA treatment. The mRNA accumulation of CsAOC after 3 h treatment was significantly higher than control (P < 0.05). For SA treatment, the expression of CsAOC increased significantly at 3 h (P < 0.05). Subsequently, the expression of CsAOC decreased significantly (P < 0.05). Although, the CsAOC expression recovered at 48 h, the expression remained lower than that at 3 h (P < 0.05) but higher than control (P < 0.05). The expression pattern of CsAOC during wounding treatment and leafhopper is similar to that during SA treatment. However, the CsAOC expression levels after leafhopper biting changed in a smaller range than the other two treatments. After biting by geometrid, the CsAOC expression increased significantly with the maximum level at 6 h (P < 0.05). Then, the CsAOC expressed irregularly.
Discussion
AOC gene plays important roles in plant JA biosynthesis. In this study, we identified the CsAOC from tea plant. The sequence analysis results showed that CsAOC had high identity with AOCs from other plants.
It was reported that the expression of the JA biosynthesis pathway genes could be induced by different treatments such as JAs (Browse 2009 ). Moreover, MeJA can induce expression of the genes encoding enzymes specific for JA biosynthesis in various plant species (Ishiga et al. 2003) . In this study, MeJA can induce the expression of CsAOC, suggesting that the exogenous MeJA may affect the JA biosynthesis in tea plant. This result can be also Fig. 1 . The DNA structure of CsAOC. The black boxes indicate the untranslated region, the white boxes indicate the exons, and the lines indicate introns. Stop  5'  3'  76  115  369  102  290 412 polyA interpreted by the finding of Singh and Shah, who have indicated that the exogenous-MeJA alleviated cadmiuminduced oxidative injury through JA pathways (Singh and Shah 2014) . According to previous reports, SA blocked woundinduced JA biosynthesis upstream of OPDA in tomato leaves (Pena-Cortés et al. 1993 ) and acted downstream of JA in tomato (Doares et al. 1995) . In contrast, the expression of CsAOC was induced by SA in this research. Transcripts of CsAOC accumulated rapidly to reach a high level at 3 h after the SA treatment but decreased gradually to increase again at 48 h to reach an even higher level. The effect of SA treatment on the CsAOC transcription was therefore not the same as in other plant species . But, our results were consistent with the expression of HnAOC under SA treatment ) in henbane and OsAOC gene expression in rice (Agrawal et al. 2003) . Therefore, CsAOC appears to be up-regulated by MeJA and SA, and MeJA significantly enhances CsAOC transcript expression.
ATG
In dicots, wounding has been found to cause increases in JA levels and accumulation of the AOC transcript (Ziegler et al. 2000) . In this experiment, the expression of CsAOC was induced by wounding but the expression is transient. In leaves eaten by tea geometrids, CsAOC transcripts increased gradually to the highest level at 6 h after exposure to the pest but declined dramatically at 12 h, and sharply increasing again at 24 h. Thereafter, the level declined at 48 h, which was still higher than in control plants. Compared with the mechanical damage, the transcripts of CsAOC under tea geometrid treatment showed a higher degree of expression. These two results indicated that both wounding and chewing by tea geometrid significantly activated the transcript of CsAOC. Fig. 2 . Phylogenetic tree analysis of AOCs. The numbers on the tree branches represent bootstrap confidence values as "Bootstrap" is 1000. The AOCs used in phylogenetic tree analysis were from Vitis vinifera (VvAOC, DQ406694); Nicotiana tabacum (NtAOC, AJ308487); Petunia Â hybrida (PhAOC, EU652410); Hyoscyamus niger (HnAOC, AY708383); Solanum tuberosum (StAOC, AY135641); Lycopersicon esculentum (LeAOC, AF384374); Lycopersicon esculentum (LeAOC, AJ272026); Ipomoea nil (InAOC, DQ314585); Jatropha curcas (JcAOC, FJ874630); Humulus lupulus (HlAOC1, AY687338, HlAOC4, AY687339); Camptotheca acuminate (CaAOC, AY863428); Medicago truncatula (MtAOC, AJ308489); Pisum sativum (PsAOC, AB095986); Artemisia annua (AaAOC, HM189219); Hordeum vulgare (HvAOC, AJ308488); Oryza sativa (OsAOC, AJ493664); Zea mays (ZmAOC, AY488136); Arabidopsis thaliana (AtAOC1-4, NM_113475, NM_113476, NM_113477, NM_101199); Physcomitrella patens (PpAOC, AY154776). The black squares, white squares, white triangles, and white circle belong to eudicots, monocots, eudicots (Arabidopsis), and moss, respectively.
It is known that JA signaling plays important roles in regulating herbivore-induced direct and indirect defense responses in many plant species (Kessler et al. 2004; Smith et al. 2009; Christensen et al. 2013 ). Due to the upstream position of AOC in JA signal pathway, the expression of CsAOC may have some relations with tea plant resistance to insects. This study confirms that tea geometrids damage significantly enhances CsAOC expression compared with the control. From these results, we suggest that CsAOC can affect herbivore resistance in plant. In addition, geometrids biting induced higher CsAOC expression than tea green leafhoppers. This result is similar to a previous study which suggests that geometrids attack induces more complex volatiles in tea plants than green leafhopper infestation (Cai et al. 2014 ). This previous study also showed that the volatiles induced by leafhopper and MeJA were similar. Thus, we can suggest that CsAOC seems to be involved in JA-related plant defense and against attacks by pests. There might be a more complicated network needed to regulate plant defense responses which calls for further research. These finding provide new insights into herbivore-induced plant defense responses.
In conclusion, the full-length cDNA and genomic DNA of CsAOC were cloned and characterized from tea plant for the first time. Phylogenetic tree analyses imply that the CsAOC protein may have similar functions with other AOC protein. Secondary structure prediction showed that the random coils were the most abundant structural elements of CsAOC. The CsAOC gene was expressed in E. coli BL21 (DE3), so the recombinant pETCsAOC protein existed in the form of inclusion body. RT-QPCR analysis showed that MeJA, SA and wounding treatments enhanced CsAOC transcript expression. And CsAOC could be induced by tea geometrids and tea green leafhoppers. The cloning and characterization of CsAOC will be helpful for further understanding of the role of AOC in the JA biosynthetic pathway of tea plant and insect interaction. CsAOC is a promising gene and genetic engineering of CsAOC could be a potential alternative to improve tea plant resistance against pests.
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